Earlier experimental studies on the ternary Cu-NiPb system have been reviewed in [11]. Bierlein and Deltart [12] have shown that the effectiveness of CuNi-Pb bearing materials is strongly related to the phase equilibria in that system. That is why they deserve a better elucidation.
Thermodynamic description is presented for the ternary Cu-Ni-Pb system. Optimized parameters of the sub-systems, Cu-Ni, Cu-Pb and Ni-Pb, are taken from earlier assessments and those of the ternary system are optimized in this study by using the experimental phase equilibrium and thermodynamic data. Better agreement is obtained by the present optimization. Calculated results are compared with the original experimental data to demonstrate the successfulness of this assessment. Moreover, a geometric model (general solution model) is used to estimate ternary integral molar Gibbs excess energies of the liquid phase from the bibary systems only. These values, however, disagree with the quantities obtained by thermodynamic optimizations.
Copper and nickel are among the most often used metals for metallization in electronic devices and are expected to take part of new multicomponent solders. For example, a thermodynamic database comprising 11 selected elements (Cu, Ni, Sn, Pb etc.) and the respective binary and ternary systems [1] was recently developed. Moreover, copper-nickel based alloys, are famous for their corrosion resistance and working properties (e.g. for heat-exchangers and corrosive fluid containers). Such alloys (based on Ni-Pb, Cu-Pb and Cu-Ni-Pb systems) have found use as bearings in heavy-duty diesel engines. Besides, the present study continues the recently started work for the development of a thermodynamic database for technically important copper-lead alloys containing Cu, Ni, Sn, Pb, Zn etc. [2] [3] [4] [5] [6] [7] . The accessibility of thermodynamic descriptions allows also calculating some physical properties (e.g. surface tension, viscosity) and predicting the solidification kinetics of the corresponding alloys. The interest to these materials is confirmed by the efforts to create a thermodynamic database for multicomponent solders and copper-base alloys by the group of Ishida [8] [9] [10] . studied seven ternary alloys at various temperatures by means of X-ray and metallographic techniques.
Although thermodynamic data for the liquid phase are available [11, 14, 17] they are not exhaustive. Nevertheless, the so called "geometric models" give the possibility to assess the thermodynamic properties of a ternary liquid phase, by means of data originating from the respective binary border systems [18] [19] [20] [21] [22] [23] .
Therefore, the purpose of this work was to compare ternary liquid phase descriptions obtained by the prominent geometric "general solution model" (GSM) [22, 23] ) to the results achieved by thermodynamic optimizations. The Cu-Ni-Pb system has earlier been assessed by [24] . Nevertheless the latter description could not be adapted directly to the copper-lead alloys thermodynamic database. The reason is that different binary thermodynamic data (particularly for the Cu-Pb system) were used in [24] and in this work. That is why a new description consistent with the latter database was necessary.
Phases and Models
The integral molar excess Gibbs energy ( , J mol -1 ) of a ternary phase (in this case -liquid), consisting of the elements 1, 2 and 3 with mole fractions X j , is given by the expression:
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∆ , represent the respective values for the twocomponent liquid phases, where the down indexes indicate the considered binary system, and G ternary E ∆ , is the contribution of the ternary non-ideal mixing.
The geometric models allow to forecast the thermodynamic properties of a ternary phase (e.g. -liquid) using data belonging to the relevant binary end-systems (see Eq. 1). Values of the molar excess Gibbs energies for each binary liquid phase of the border-system (at a certain temperature and at specific compositions) are needed as starting points for the GSM [22, 23] . These quantities were calculated by means of Thermocalc software package, using optimized parameters of the pertinent binary systems, recently selected as result of the European concerted action COST 531 [1] . The general solution model allows assessing G ternary ∆ , using Eq. 2:
where f 123 is a calculated ternary interaction parameter.
Details about the application of the GSM have already been discussed in a variety of studies (e.g. [25] [26] [27] ) as well as in recent works of the present authors [28, 29] . That is why they shall not be discussed further.
A number of thermodynamic optimizations of the Cu-Pb system have been published [30] [31] [32] [33] but new experimental results on the liquid phase miscibility gap have become known afterward [34] . The latter data differs considerably from those, reported beforehand. Also, discrepancies are observed in the literature concerning the descriptions of the binary systems related to the Cu-Pb-Ni equilibrium diagram. Regarding the Cu-Pb system, the optimization of Hayes et al. [30] was retained in the thermodynamic database of COST 531 [1] (i.e., the results of Wang et al. [24] were not used. The optimization of the Cu-Ni system done by Mey [35] was retained by both - Wang et al. [24] and COST 531 database [1] . The Ni-Pb system was optimized by Wang et al. [24] and their parameters were preserved by COST 531 database [1] . Table 1 shows the type of the experimental information selected in the present optimization. Most experimental data comes from Nemilov ang Strunina [14] and Pelzel [15] . No ternary solid phases have been reported to exist in the Cu-Ni-Pb system. The study of Nemilov and Strunina [14] covered the whole system, however quite few data points were presented. Close to the Cu-Pb side of the system, these data were slightly inconsistent with the data of Pelzel [15] , who presented numerous data points in this region. Consequently, the latter data [15] were preferred near the Cu-Pb side of the system.
Figs. 1a,b,c show calculated phase diagrams for binaries Cu-Ni [36], Cu-Pb [37] and Ni-Pb [24], respectively. They agree well with the experimental phase equilibrium data as presented in these studies.
As it is generally accepted [11] two liquid miscibility gaps exist, near the Cu-Pb and Ni-Pb sides, but they extend only a little into the ternary system. The main solid phase is fcc (face-centered cubic nickel). In fact, in the Cu-Ni-Pb system, no other solid phases have been reported to exist. Thus, in the present description, only two phases are considered, i.e., liquid and fcc. These disordered solution phases are described with the substitutional solution model.
By applying the substitutional solution model to the solution phases of the Cu-Ni-Pb system, the expression for the integral molar Gibbs energy ( , J mol -1 ) becomes
where the contribution to the Gibbs energy due to the magnetic ordering, , is expressed as ) of the ternary liquid phase calculated (at 1650 K and 1750 K, respectively) along a section with constant molar Cu/Ni ratio equal to 1/1. Curve 1 is calculated using binary optimizations of COST 531 thermodynamic database [1], curve 2 -using GSM [22] , curve 3 -ternary optimization of Wang et al. [24] , curve 4 -this work. Curve nos. 5 and 6 compare the integral molar Gibbs energy ∆G M,L , J mol -1 (referred to the liquid state) assessed using ternary optimized parameters of Wang et al. [24] and this work, respectively. ) of the ternary liquid phase calculated (at 1650 K and 1750 K, respectively) along a section with constant molar Cu/Ni ratio equal to 3/1. Curve 1 is calculated using binary optimizations of COST 531 thermodynamic database [1], curve 2 -using GSM [22, 23] , curve 3 -ternary optimizations of Wang et al. [24] , curve 4 -this work. Curve nos. 5 and 6 show the integral molar Gibbs energy ∆G M,L , J mol -1 (referred to the liquid state) assessed using ternary optimized parameters of Wang et al. [24] and this work, respectively. In Eq. 3, R is the gas constant (8.3145 J (K mol) -1 ), T is the absolute temperature, K, x i is mole fraction of the constituent i. In Eq. 4, β φ is a composition-dependent parameter related to the total magnetic entropy and τ is defined as τ=T/Tc φ where Tc φ is the critical temperature of magnetic ordering. For the fcc phase, the function ƒ(τ) takes the polynomial form proposed by Hillert and Jarl [39] . For the liquid phase, mo G m φ = 0.
Results and Discussion
The thermodynamic description of the Cu-Ni-Pb systems obtained in this work is presented in Table 2 . The data marked with a reference code were adopted from assessments and the data marked with *O or *E were optimized or estimated in the present study. Parameter marked by *O were optimized using literature experimental data ( Integral molar Gibbs excess energies (∆G exs,L , J mol -1 ) of the ternary liquid phase, along sections with constant molar Cu/Ni ratios equal to 1/1 and 3/1, calculated (at 1650 K and 1750 K, respectively) by various models are presented in Figs. 2a,b and 3a,b, respectively . Values of the integral molar Gibbs energy ∆G M,L , J mol -1 (at the same conditions) assessed using ternary optimized parameters of this work and of Wang et al. [24] are exhibited in these figures as well. In all cases, the ∆G exs,L values are positive as it should be expected taking into account the formation of the miscibility gaps in the ternary system. The quantities calculated using GSM [22, 23] and these obtained by using optimized parameters of the binary systems [1] are rather alike to each other (see curves 1 and 2). The results obtained with the parameters of Wang et al. [24] (curves 3 and 5) are near to these obtained in this work (curves 4 and 6). It could be concluded that the GSM did not lead to correct values of the ternary integral molar Gibbs excess energies. This might be related to a hypothetical common drawback of GSM. Thus, in the case of three ideal binary solutions (i-j, i-k and j-k) the assessed ternary (i-j-k) integral molar Gibbs excess energy is par excellence equal to zero what the case might not be.
In the following, calculated results are compared with the original experimental data to demonstrate the successfulness of the optimization. All calculations were carried out with the ThermoCalc software [40] . Thus Fig. 4 shows the liquidus surfaces of the Cu-NiPb system calculated in this study and in the earlier assessment [24] . The agreement with the experimental data [13] [14] [15] [16] is reasonably good in both cases. The main difference in the results of the optimizations is the better consistency of the present calculations for the Ni-Pb side L 1 +L 2 region (Fig. 4a , two data points at x Pb =0.3 from [16] and [13] ) and for the isotherms at 1000 and 980 o C close to the Cu-Pb side (Fig. 4b) . The ternary extension of the Cu-Pb side L 1 +L 2 region is better described in [24] ( Fig.4b) but its overall area (in composition) is smaller than that shown by the experimental data and obtained by the present assessment. Note also the different form of the calculated isotherms at 930 o C. The present, more curved shape of that isotherm is supported by the diagram proposed by [17] though its information below 1000 o C should be considered only tentative. This is mainly due to the heavy weight put on the data of Pelzel [15] , whereas Wang et al. [24] put the most weight on the data in [17] .
The calculated isopleth at 60 wt% Pb is presented in Fig. 6 . Worth noting is the larger temperature range of the Cu-Pb side (L 1 + L 2 ) region obtained by the present calculations. This agrees reasonably well with the experimental data of Pelzel [15] . The higher temperature obtained for the L/L 1 +L 2 boundary is due to the adopted Cu-Pb description of Onderka and Zabdir [37] , which slightly overestimates its value in the binary Cu-Pb system. For the monotectic reaction, L 1 = fcc + L 2 , however, it gives very good agreement with the available experimental data (compare the calculations with the experimental monovariant points at the Cu-Pb side of Fig. 1b) .
Finally, Fig. 7 shows two calculated isopleths, at composition ratios of wt% Cu : wt% Ni =1, and wt% Cu: wt% Ni = 3. Both isopleths agree reasonably well with the experimental data [14, 17] .
Conclusions
Thermodynamic descriptions were reoptimized for the ternary Cu-Ni-Pb system applying the experimental phase equilibrium data of the literature. Only two phases, i.e., liquid and fcc, were considered. These disordered solution phases were described with the substitutional solution model. In the optimization, the unary and binary thermodynamic data of the systems were taken from the recently assessed optimizations. Reasonable correlation was obtained between the calculated and experimental phase equilibrium data.
The general solution model was used to assess ternary integral molar Gibbs excess energies of the liquid phase. The latter disagree clearly with the values obtained by the ternary system optimizations. This might indicate a potential drawback of GSM when dealing with ideal solutions (as is approximately the case of Cu-Ni system). at composition ratios of wt%Cu / wt%Ni=1 and wt%Cu / wt%Ni=3, together with experimental data points [14, 15] . Solid lines refer to the calculations of this study and dashed lines refer to those of [15] .
